Cytosolic Ca 2+ ions are ubiquitous second messengers that regulate a broad spectrum of cellular phenomena, including membrane excitability, ion channel gating (Hille 2001) , gene expression (Bito et al. 1996) , neurotransmitter release (Katz and Miledi 1968) , muscle contraction (Fabiato and Fabiato 1975) , and secretion of hormones (Curry et al. 1968) and digestive juices (Petersen 1992 Two types of intracellular Ca 2+ release channels exist: ryanodine receptor (RyR) channels, and d-myo-inositol 1,4,5-trisphosphate receptor (IP 3 R) channels (Berridge 1998 Verkhratsky and Shmigol 1996) . In contrast, Ca 2+ release through IP 3 Rs is activated by increases in [IP 3 ] (IP 3 -induced Ca 2+ release). IP 3 is normally generated through cleavage of phosphoinositide lipids by phospholipase C (PLC) coupled to cell-surface receptors (Berridge 1993) .
One important role of intracellular Ca 2+ ions is the regulation of Ca 2+ -activated K + currents (I K(Ca) s) that can influence both action potential shape and the pattern of action potential firing. Such I K(Ca) s, which are triggered as a consequence of action potentials, fall into at least three temporally distinct classes: I C , a fast current lasting 5 -20 msec;
I AHP , a current with intermediate kinetics, lasting hundreds of msec; and I sAHP , a slow 4 current lasting many hundreds to thousands of msec. These currents can be further distinguished based on their disparate physiological, pharmacological, and biophysical properties (Sah 1996) . I and is inhibited by tetraethylammonium (TEA) ions (<1 mM), iberiotoxin, and charybdotoxin (Adams et al. 1982; Shao et al. 1999 ). I C is believed to be mediated by largeconductance (100 -200 pS) Ca 2+ -activated K + channels (BK channels) (Shao et al. 1999; Sah and Louise Faber 2002 The molecular identity of the channels that mediate I sAHP remains undefined (Sah and Louise Faber 2002) .
In a population of primary vagal sensory neurons (nodose ganglion neurons, NGNs), action potential-triggered CICR activates an I sAHP that controls spike frequency adaptation (Weinreich and Wonderlin 1987; Moore et al. 1998) . We recently reported that photoreleased IP 3 evokes intracellular Ca 2+ release in NGNs (Hoesch et al. 2002) .
In the present study, we ask whether IP 
Methods

Cell Dissociation
Male New Zealand White rabbits, weighing 3 -4 kg, were purchased from (Cohen et al. 1997) , except that excitation was 6 at 490 nm, and that the fluorescence emission was passed through a 530-nm bandpass filter before photometric quantitation. Fluo-3 fluorescence intensity records were corrected by subtracting the background fluorescence intensity, measured after cell lysis with digitonin (20 µM). Ca 
Extracellular Solutions
Neurons were superfused with physiological saline solution (20-24 o C) that contained (mM): 120 NaCl, 3. The whole-cell configuration of the patch clamp technique (Hamill et al. 1981) was used to measure membrane currents. voltage-clamped to -50 mV. Membrane input resistance and capacitance were determined from current transients elicited by 5 mV depolarizing voltage steps from the holding potential. NGNs were considered suitable for study if membrane input resistance was >150 MΩ and holding current was <200 pA.
Ramp Protocols
To determine I-V relations, the following voltage command protocol was applied to voltage-clamped NGNs: 1) From a holding potential of -50 mV, the membrane potential was stepped to +50 mV for 100 msec to inactivate voltage-gated Na + channels; 2) An I-V relation was then generated by a voltage ramp that decreased from +50 mV to -110 mV at 1 mV/msec; 3) At the end of the ramp, the cell was returned to a holding potential of -50 mV. This protocol was applied twice to each NGN tested: first immediately before IP 3 photorelease, and again two seconds after IP 3 photorelease, when the IP 3 -evoked current had developed substantially (a representative time course of the current is shown in Fig. 1 ). Taking 
Data Analysis
Unless otherwise stated, the following conventions apply: 1) numerical results are reported as a mean ± standard error of the mean (SEM); 2) when multiple responses were elicited from a NGN, the response amplitude under a given experimental condition was normalized to the control response amplitude; 3) Student's t-test (two-tailed) was used to assess significant differences between calculated means and p < 0.05 was considered significant. Origin software (Microcal Software, Inc., Northampton, MA) was used for all data analysis and least-squares curve fitting. Reagent solutions were prepared daily from concentrated stock solutions in dimethylsulfoxide (Fisher Biotech, Fair Lawn, NJ) or water that were stored frozen.
Unless otherwise noted, drugs were delivered via the superfusate by switching a threeway valve to a reservoir containing a known concentration of the drug in the extracellular solution.
Results
We have previously reported (Hoesch et al. 2002) that intracellular photorelease of IP 3 evokes Ca 2+ release from intracellular stores in primary vagal sensory neurons (nodose ganglion neurons, NGNs). Because these neurons are known to express a variety of Ca 2+ -activated currents (Higashi et al. 1984; Fowler et al. 1985; Weinreich and Wonderlin 1987; Christian et al. 1994; Schild et al. 1994 by activating adenylyl cyclase (Seamon et al. 1981 ), also did not inhibit I IP3 significantly (n = 3, data not shown).
We also examined the kinetics of I IP3 . Fig. 4A shows the time course of I IP3 evoked by IP 3 photorelease resulting from a 500-msec UV pulse (record shown is the average of 12 individual traces). There appears to be little latency between the start of photorelease and current onset. To allow closer examination of the kinetics of current onset, the portion of the trace corresponding to the start of photorelease is shown at higher resolution in Fig. 4B . Although noise in the data precluded precise quantitation of latency, visual inspection suggests that any latency between the start of photolysis and current onset can be no more than 50 msec.
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We have previously reported that NGNs exhibit robust CICR (Cohen et al. 1997; Cordoba-Rodriguez et al. 1999; Hoesch et al. 2001 In these two neurons, the test-to-control amplitude ratios were 1.02 and 1.16, respectively. In seven NGNs, the average ratio of the test response to the control response was 1.21 ± 0.06, which was not significantly different from the ratio determined in NGNs not treated with the Caf-pulse series protocol (ratio = 1.25 ± 0.06, n = 10). shows two I IP3 s evoked 300 sec apart (labeled 1 and 2) in the untreated NGN, while the right panel shows I IP3 s triggered in the second NGN before (1) and after (2) ; Cohen et al. 1997; Moore et al. 1998; Cordoba-Rodriguez et al. 1999) . Activation of the I sAHP is absolutely dependent on CICR consequent to action-potential-induced Ca 2+ influx through N-type channels, and exhibits post-spike latency to onset of ≥100 msec (Cohen et al. 1997; Moore et al. 1998; Cordoba-Rodriguez et al. 1999) . We have shown that I sAHP is insensitive to apamin and iberiotoxin, but is completely blocked by treatments that elevate intracellular cAMP (Cordoba-Rodriguez et al. 1999 ). Contrasting the above observations suggests that I IP3
is distinct from I sAHP . We have no evidence that different channels underlie these two macroscopic currents. Therefore, it is possible that a single channel protein mediates both currents, and that observed differences in pharmacology and kinetics reflect differences in regulation. Interestingly, Ca 2+ -induced Ca 2+ release and IP 3 -induced Ca 2+ release both give rise to global (whole-cell) Ca 2+ transients in NGNs, and yet activate functionally distinguishable Ca 2+ -dependent K + currents. This suggests the existence of Ca 2+ signaling microdomains in NGNs (see also Cordoba-Rodriguez et al. 1999 ).
Our data suggest several possible models for the activation of I IP3 , some of which are illustrated in Figure 7 . In the first model (Fig. 7A) activation.
Other models are also conceivable where Ca 2+ is released via IP 3 Rs and RyRs from a shared intracellular Ca 2+ store (Figs. 7B and 7C ). In the model in Fig. 7B , as in the model of Fig. 7A (Fig. 6B ), but would not affect global IP 3 -evoked Ca 2+ transients (Fig. 6A ). An alternative common-pool model is also possible, as illustrated in Fig. 7C we have no evidence to support the greater structural complexity of the latter two models. Therefore, we prefer the more parsimonious model of Fig. 7A . Intracellular Ca 2+ release evoked by photoreleased IP 3 has also been reported to activate K + currents in cerebellar Purkinje neurons (Khodakhah and Armstrong 1997) and in midbrain dopamine neurons (Morikawa et al. 2000) . The expression of I IP3 by central and peripheral neurons raises the question of the nature of the physiological stimuli that trigger I IP3 . ATP, through P2Y receptor activation, can trigger IP 3 signaling in NGNs (Hoesch et al. 2002) , as well as many other cell types (Dubyak and el-Moatassim 1993) . Therefore, ATP is a probable physiological stimulus to trigger I IP3 in NGNs. Other signaling molecules are also likely to employ IP 3 signaling in NGNs, and thus could activate I IP3 . In midbrain dopamine neurons, activation of both metabotropic glutamate and muscarinic acetylcholine receptors, which are known to act through IP 3 -evoked Ca 2+ signaling, both evoked outward currents (Fiorillo and Williams 1998; Fiorillo and Williams 2000) , suggesting physiological roles for IP 3 -evoked outward currents in those neurons (Morikawa et al. 2000) . Metabotropic glutamate receptors in NGNs have been physiologically characterized (Hay and Kunze 1994a) and recently cloned (Hoang and Hay 2001) . Therefore, if activation of metabotropic glutamate receptors could trigger IP 3 -evoked Ca 2+ signaling, then glutamate might evoke I IP3 in NGNs. The prevalence of metabotropic receptors and the ubiquity of the IP 3 signaling pathway favor the hypothesis that I IP3 is a common and robust mechanism through which metabotropic receptor activation could control membrane excitability. 1997) . Therefore, in our experiments, the minimum expected latency for I IP3 onset would be 8 -14 msec.
3. In all NGNs, the second IP 3 -evoked Ca 2+ response was always somewhat larger than the first. The cause of this increase is not clear. 
Figure Legends
